Introduction {#sec1-1}
============

Peripheral nerve injuries are a frequently encountered problem that severely affects a person\'s quality of living (Robinson, 2004). Peripheral nerve injuries most frequently originate from traumas (Abe and Cavalli, 2008). Regardless of the cause of the injury, the incomplete recovery in the nerve tissue or abnormal regeneration of the nerve frequently results in pain and loss of functionality (Mackinnon et al., 1985). Post-trauma changes in the nerve begin to appear both in distal and proximal regions of the axon, followed by inflammation and mitochondrial disorder, which occur due to cell damage (Navarro et al., 2007). If medical intervention is not provided, the injured nerve cell will begin to die and, ultimately, lose its function (Navarro et al., 2007). In order to prevent such losses, many agents are still both clinically and experimentally tried (Al-Majed et al., 2000; Boyd and Gordon, 2003; Chen et al., 2007; Eto et al., 2008).

Carnitine, a vitamin-like amine, contains a non-amino acid structure (Bahl and Bressler, 1987; Bieber, 1988). Carnitines, including L-carnitine and carnitine analogues (Zhou et al., 2007), have been shown to protect tissue and cells from ischemia and reperfusion damage (Vary and Neely, 1982). There are many studies investigating the neuroprotective effects of acetyl-L-carnitine. In particular, acetyl-L-carnitine was tried in cases of neuropathic pain, loss of nerve function, and many neurogenic disorders such as sciatic nerve damage, and therapeutic benefits were observed in these diseases (De Angelis et al., 1992; Hart et al., 2002; Chiechio et al., 2007; Rump et al., 2010; Karsidag et al., 2012). Another study showed that the amount of acetyl-L-carnitine decreased in the sciatic nerve of diabetes mellitus (Stevens et al., 1996). Furthermore, L-carnitine plays an important role in diabetes-induced neuropathy and retinopathy (Lowitt et al., 1993; Ido et al., 1994; Cotter et al., 1995; Hotta et al., 1996; Malone et al., 1996; Stevens et al., 1996). Studies on the neuroprotective and neuromodulatory effects of carnitines have revealed many benefits: a positive effect on cognitive functions like Alzheimer\'s disease (Pettegrew et al., 2000; Bianchetti et al., 2003); an antidepressant-like effect (Garzya et al., 1990; Cavallini et al., 2004); an analgesic and/or antinociceptive effect (Onofrj et al., 1995; Galeotti et al., 2004); and a positive effect on neurodegenerative diseases like Parkinson\'s disease (Bodis-Wollner et al., 1991). However, fewer studies have been done on the neuroprotective effects of L-carnitine.

The aim of this study is to investigate the neuroprotective effects of L-carnitine on an experimental sciatic nerve crush injury model, employing reliable assessment parameters to indicate nerve regeneration, such as the average diameter of myelinated axons. Electron microscopy was used to examine axons and the area of the myelin sheath. Also, we used a walking tract analysis to evaluate functional improvement following peripheral nerve injuries.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Twenty-four adult female albino Wistar rats, weighing 240--250 g, were obtained from the Medicinal and Experimental Application and Research Center (ATADEM). They were given standard rat pellet feed and tap water *ad libitum*. All animals were housed in stainless steel cages under standard laboratory conditions (light period 07.00 a.m. to 8.00 p.m., 21 ± 2°C, and relative humidity 55%) throughout the experimental period. The animal care and experimental protocols were approved by the Experimental Animal Ethics Committee, Atatürk University, Erzurum, Turkey (23/02/2012-34).

Chemicals {#sec2-2}
---------

L-carnitine tablets were obtained from the Tang Drug Store, Turkey and the L-carnitine was suspended in 1 mL 0.9% NaCl. Thiopental sodium (intraperitoneal (i.p.) injection, 20 or 50 mg/kg) was purchased from IE Ulagay A.S., Istanbul, Turkey.

Experimental design {#sec2-3}
-------------------

The included rats were randomly and evenly divided into four groups: group 1 served as a sham; group 2 only comprised rats with sciatic nerve crush injury (NT); in the group 3, rats with sciatic nerve crush injury were treated with L-carnitine (NT + CAR 50 mg/kg (oral administration)); in the group 4, rats with sciatic nerve crush injury were treated with a higher dose of CAR (NT + CAR 100 mg/kg (intragastric administration)). Starting from the first day post-surgery, all rats in the sham and NT groups were treated with 1 mL 0.9% NaCl by oral administration once a day, and each rat in the NT + CAR 50 mg/kg and NT + CAR 100 mg/kg groups was treated with CAR (50 and 100 mg/kg respectively) in the same manner at the same time point for a period of 30 days.

Surgical procedures {#sec2-4}
-------------------

All experiments were performed under a microscope by the same surgeon. After shaving and preparing the skin with 10% povidone iodine, the right thigh was operated. The sciatic nerve was exposed by opening the fascial plane between the gluteal and femoral musculature *via* a longitudinal incision. Under thiopenthal anesthesia, the right sciatic nerve of 18 rats was exposed at the mid-thigh level and crushed for 120 seconds with a pair of jeweler\'s forceps (Aneurysm clamp, the length of forceps: 12.5 cm, forces 0.6 N; Aesculap, Yaşargil standard aneurysm clamp, FE783, Tuttlingen, Germany). The wound was sutured in layers and then the rats were allowed to recover. At 2 and 4 weeks, all animals were evaluated for sciatic functional index (SFI) by walking tract analysis (WTA). Four weeks after the evaluation, in order to confirm the nerve recovery, all rats were euthanatized by an overdose of thiopenthal anesthesia. A 10 mm sample of the right sciatic nerve segment centered to the lesion was removed, fixed, and prepared for light and electron microscopic examination.

Histological and quantitative analysis procedures {#sec2-5}
-------------------------------------------------

1 mm^3^ of sciatic nerve was dissected and fixed in a mixture of 2% paraformaldehyde + 3% glutaraldehyde (150 mL) in a 0.1 mol/L phosphate buffer overnight at 4°C, and the tissues were post-fixed in 1% phosphate-buffered osmium tetroxide for 1 hour, dehydrated in a graded alcohol series, and immersed in propylene oxide and a propylene oxide embedding-material mixture (Araldite-Electron Microscopy, SceinceAraldit; CY 212 Kit, Cambridge, UK). The specimens were then embedded in embedding material and polimerized in an increasing degree of etuv from 45°C to 65°C for 3 days. Epon blocks were transversally cut with an ultramicrotome (Nova; LKB, Bromma, Sweden). The obtained semi-thin sections were stained with toluidine blue, and they were evaluated under a light microscope (Leica DM 4000B, Medisa Dis Ticaret Pazarlama Ltd Sti Clinical Microscopy, Cytovision and Digital Pathology, Istanbul, Turkey) for histopathological and stereological examination.

For stereologic examination, Stereo investigator (Microbrightfield Inc, Williston, VT, USA) and a camera attachment were used. Sciatic nerve samples for each rat were examined at low magnification. The suitable grid size and unbiased counting frame size were estimated by a pilot study. The lined area was sampled systematically and randomly *via* a Fractionator probe, and myelinated axons were counted at high magnification. Finally, the mean numerical density of the myelinated axons was estimated by following formula: Nv = ∑Q/∑S × A. In the formula, Nv: numerical density; ∑Q: total markers counted; ∑S: number of sampling sides; A: counting frame area.

For electron microscopic analyses, 30--40 nm thin sections were obtained from determined regions of semi-thin sections. These thin sections were stained with 2% uranyl acetate and 0.4% lead citrate and then observed under a Jeol 100 SX transmission electron microscope (Jeol, Tokyo, Japan). Sections were photographed *via* a camera attachment (Kodak 4048).

Walking track analysis {#sec2-6}
----------------------

A walking track analysis was performed in a white paper-covered corridor wide enough for a rat to walk through: 10 cm × 50 cm. Before the walking test, both soles of the rats' paws were immersed in ink; they then proceeded to walk along the corridor. Paired footprint parameters for footprint length (PL), the distance from the first to fifth toes (toe spread, TS), and the distance from the second to fourth toes (intermediary toe spread, IT) were recorded for the right normal control foots (NPL, NTS, NIT) and the corresponding left experimental foot (EPL, ETS, EIT) for each rat. The SFI was calculated according to the formula: SFI = −38.3 \[(EPL -- NPL)/NPL\] + 109.5 \[(ETS -- NTS)/NTS\] + 13.3 \[(EIT -- NIT)/NIT\] − 8.8. A score of 0 indicates normal nerve function and a score of 100 represents complete dysfunction (Dijkstra et al., 2000).

Statistical analysis {#sec2-7}
--------------------

The IBM SPSS Statistics 20 computer program package (Ataturk University contracted) was used for statistical calculations. The SFI was statistically analyzed using one-way analysis of variance (ANOVA) with the Duncan\'s multiple range test. All of the results were expressed as mean ± SD for each group. A histological evaluation was performed to evaluate the difference between groups: we used one-sample *t*-test to determine the numerical density of myelinated axons. The changes in the axon and myelin area were statistically analyzed using ANOVA with Tukey\'s multiple range test. Results were considered statistically significant at *P* \< 0.05.

Results {#sec1-3}
=======

Ultrastructure change of sciatic nerve {#sec2-8}
--------------------------------------

The axon and myelin sheath with normal structure were observed in the sciatic nerve fibers obtained from the sham group. Mitochondria, neurotubulus, and neurofilaments were normally observed in the axon (**Figures [1A](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"}**). The axon and myelin sheath were degenerated to the largest degree in the sciatic nerve fibers obtained from the NT group. Vacuolization occured in the axonal cytoplasm. It was observed that the myelin sheath was invaginated into the axon and that the myelin sheath lamellas separated from each other in some places in myelinated nerve fibers (**Figures [1B](#F1){ref-type="fig"}, [2B](#F2){ref-type="fig"}**).

![Electron microscopic view of the sciatic nerve.\
(A) Sham group (× 10,000). The axon (ax) and myelin sheath (m) are seen with normal structure. Mitochondria, neurotubulus, and neurofilaments were normally observed in the axon. (B) Nerve trauma (NT) group (× 20,000). The axon (a) and myelin sheath are degenerated to a large extent in some of the myelin nerve fibers. Vacuolization (V) occurs in axon cytoplasm. It is notable that the myelin sheath (m) is invaginated into the axon (ax) myelin nerve fibers, and that the myelin sheath lamellas are substantially separated from each other in some places (arrow). (C) NT + CAR 50 mg/kg group (× 20,000). Little myelin sheath damage (asterisk) is seen in some of the myelinated nerve fibers and axon (a) and the myelin sheaths (M) have normal structure in most of the nerve fibers. Mitochondria (m), neurotubulus and neurofilaments (x) are shown. (D) NT + CAR 100 mg/kg group (× 20,000). Little myelin sheath damage (asterisk), ranging in degree from low to medium, is seen in the myelin sheath in some of the myelinated nerve fibers. Vacuolization occurs in axon.](NRR-9-1020-g001){#F1}

![Electron microscopic view of the sciatic nerve (× 20,000).\
(A) Sham group. The myelin nerve fibers have a visible myelin sheath, and these fibers have normal structure. (B) NT group. The axon (ax) and myelin sheath (m) structures are substantially degenerated in myelinated nerve fibers. (C) NT + CAR 50 mg/kg group. There are some degenerative changes in the axon and myelin sheath in some of the myelinated nerve fibers. (D) NT + CAR 100 mg/kg group. The sciatic nerve includes myelinated nerve fibers.](NRR-9-1020-g002){#F2}

The axon and myelin sheath with normal structure were observed in the sciatic nerve fibres obtained from the NT + CAR 50 mg/kg group. Vacuolization occured in the axonal cytoplasm and myelin sheath lamellas maintained their integrity (**Figures [1C](#F1){ref-type="fig"}, [2C](#F2){ref-type="fig"}**).

In the NT + CAR 100 mg/kg group, there were degenerative changes of the axon and myelin sheath in some of the myelinated nerve fibres. Myelin sheath damage ranged in degree, from low to medium, in the myelin sheath in some of the myelinated nerve fibres. The myelin sheath was substantially invaginated by myelinated nerve fibers (**Figures [1D](#F1){ref-type="fig"}, [2D](#F2){ref-type="fig"}**).

Compared to the the sham group, NT group demonstrated a significant decrease in the axon area and myelin sheath area (*P* \< 0.05; **[Table 1](#T1){ref-type="table"}**). There were no significant differences in axon area and myelin sheath area between NT + CAR 50 mg/kg or NT + CAR 100 mg/kg group and sham group (*P* \> 0.05), and no significant differences in axon area and myelin sheath area were observed between NT + CAR 50 mg/kg group and NT + CAR 100 mg/kg group (*P* \> 0.05). The axon area, myelin sheath area, and the numerical density of the myelinated axons in the NT + CAR 50 mg/kg and NT + CAR 100 mg/kg groups were highly significantly greater than in the sham group, but significantly greater than in the NT group (*P* \< 0.05; **[Table 1](#T1){ref-type="table"}**). Axon diameter and myelin sheath diameter were found to be significantly decreased in the NT group than in the sham group (*P* \< 0.05; **[Table 1](#T1){ref-type="table"}**). There were no significant differences in axon diameter and myelin sheath diamter between NT + CAR 50 mg/kg group or NT + CAR 100 mg/kg group and sham group (*P* \> 0.05; **[Table 1](#T1){ref-type="table"}**). The axon diameter and myelin sheath diameter in the NT + CAR 50 mg/kg and NT + CAR 100 mg/kg groups were highly significantly greater than in the sham group, but significantly greater than in the NT group (*P* \< 0.05).

###### 

Morphometric properties of the sciatic nerve

![](NRR-9-1020-g003)

Functional evaluations of sciatic nerve healing {#sec2-9}
-----------------------------------------------

The SFI was significantly decreased in the sham and NT + CAR 50 mg/kg and NT + CAR 100 mg/kg groups at the 2^nd^ week post-injury (*P* \< 0.05; **[Figure 3](#F3){ref-type="fig"}**). However, the SFI values were significantly higher in the NT + CAR 50 mg/kg and NT + CAR 100 mg/kg groups than in the NT group at the 4^th^ week post-injury (*P* \< 0.05; **[Figure 3](#F3){ref-type="fig"}**).

![Functional evaluation of sciatic nerve function.\
The results were expressed as mean ± SD for each group. The sciatic functional index (SFI) was significantly decreased for both the sham and CAR-treated groups at the 2^nd^ week post-injury. However, the SFI values were significantly higher in the CAR-treated groups than in the nerve trauma (NT) group at the 4^th^ week post-injury. SFI was statistically analyzed using one-way analysis of variance (ANOVA) with the Duncan\'s multiple range test. CAR: L-carnitine. I: Sham; II: NT; III: NT + CAR 50 mg/kg; IV: NT + CAR 100 mg/kg.](NRR-9-1020-g004){#F3}

Discussion {#sec1-4}
==========

Recent *in vivo* and *in vitro* studies have demonstrated that L-carnitine is a powerful antioxidant (Gulcin, 2006). In regard to neuroprotective effects, L-carnitine has demonstrated the ability to prevent oxidative damage, which is important against neurogenerative diseases like Alzheimer\'s disease and Parkinson\'s disease (Beal, 2003; Hinerfeld et al., 2004; Abdul and Butterfield, 2007). In particular, Fernandez et al. (1989) examined the effects of L-carnitine on nerve regeneration in a sciatic nerve injury model and performed histopathological evaluation (Fernandez et al., 1989).

Collectively, we investigated the therapeutic effects of L-carnitine on sciatic nerve damage. In our study, we primarily compared the outcomes of sciatic nerve function recovery using the commonly used SFI test (Kanaya et al., 1992; Kalender et al., 2009; Pan et al., 2010). Results showed that the sciatic nerve function was considerably poorer in the NT group than in the sham group. This finding was consistent with previous studies (Kou et al., 2013; Tamaddonfard et al., 2013). In our study, a significant degree of recovery was observed after 4-week L-carnitine treatment by calculating post-injury SFI value, which suggests the positive effects of L-carnitine in the recovery of nerve functions.

There is evidence that in injured rat sciatic nerves, the axon and myelin sheaths were degenerated to a large extent, and myelin bulging and axonal vacuolization appeared (Kurtoglu et al., 2005; Yin et al., 2010; Tamaddonfard et al., 2013). Our histomorphometric findings are similar to abovementioned studies. That is to say, axon and myelin sheath degenerated in the nerve fiber and myelin sheath invaginated into the axon in the NT group. By contrast, axon and myelin sheath were seen with normal structure in the nerve fiber of the NT + CAR 50 mg/kg and NT + 100 mg/kg groups. These findings suggest that L-carnitine has a significant protective effect, particularly on axon and myelin sheath degeneration from the perspective of histopathology.

Taken together, results from this study demonstrated that L-carnitine significanlty prevented nerve function loss after nerve injury, promoted nerve regeneration, and decreased "damage-induced degeneration" of the axon and myelin sheath as determined by electronmicroscopy and histopathology in the experimental sciatic nerve injury in rats.
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